Cells in the tumor microenvironment may be reprogrammed by tumor-derived metabolites. Cholesterol-oxidized products, namely oxysterols, have been shown to favor tumor growth directly by promoting tumor cell growth and indirectly by dampening antitumor immune responses. However, the cellular and molecular mechanisms governing oxysterol generation within tumor microenvironments remain elusive. We recently showed that tumorderived oxysterols recruit neutrophils endowed with protumoral activities, such as neoangiogenesis. Here, we show that hypoxia inducible factor-1a (HIF-1α) controls the overexpression of the enzyme Cyp46a1, which generates the oxysterol 24-hydroxycholesterol (24S-HC) in a pancreatic neuroendocrine tumor (pNET) model commonly used to study neoangiogenesis. The activation of the HIF-1α-24S-HC axis ultimately leads to the induction of the angiogenic switch through the positioning of proangiogenic neutrophils in proximity to Cyp46a1 + islets. Pharmacologic blockade or genetic inactivation of oxysterols controls pNET tumorigenesis by dampening the 24S-HC-neutrophil axis. Finally, we show that in some human pNET samples Cyp46a1 transcripts are overexpressed, which correlate with the HIF-1α target VEGF and with tumor diameter. This study reveals a layer in the angiogenic switch of pNETs and identifies a therapeutic target for pNET patients.
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oxysterols | HIF-1α | pancreatic neuroendocrine tumors | angiogenic switch | neutrophils R ecent studies have highlighted the diversity of metabolic pathways altered between normal and tumor cells (1, 2) . Activation of specific metabolic pathways within tumors is believed to derive from an intricate connection among intrinsic and extrinsic factors, such as oncogenic signaling, stromal-derived molecules, and hypoxia (3) . Tumor hypoxia and hypoxia inducible factor-1a (HIF-1α) activation have been linked to increased glucose metabolism and cancer progression in a number of tumor types (4) . Whether HIF-1α signaling regulates other metabolic products in tumor cells or during tumorigenesis remains only partially understood.
The differential regulation of tumor metabolism and the relative abundance of some tumor-derived metabolites have also been shown to condition the tumor microenvironment, with particular emphasis on immune cell components (5) . For example, metabolic products like pyruvic acid and lactic acid induce hypoxiaindependent stabilization of HIF-1α in tumor-associated macrophages (6) . These products, especially lactic acid, are products of the so-called Warburg effect (aerobic glycolysis) (7) and mainly require the enzymatic activity of the pyruvate kinase M2 (PKM2), an isoform expressed by tumor cells and associated with the production of high amounts of pyruvate and lactate (8) . More recently cholesterol metabolism, oxysterols, and liver X receptors (LXRs) have been shown to be important players in tumor metabolism (9, 10) , due to their dual involvement in tumor and immune cell biology (11) (12) (13) . This dual involvement makes the LXR/oxysterol axis an attractive target for tumor therapies. Whether and how the LXR/oxysterol axis is governed by tissue determinants present within tumor microenvironments, such as hypoxia and tumorspecific metabolic regulations, remain elusive.
We recently showed that oxysterols recruit protumor neutrophils within the tumor microenvironment in an LXR-independent, CXCR2-dependent manner (14) . Tumor-recruited neutrophils are endowed with proangiogenic activities, as they secrete MMP9 and Bv8 proangiogenic factors (14) . We asked whether this axis was also active in a model of spontaneous pancreatic neuroendocrine tumor (pNET), i.e., the rat insulin promoter 1-T-antigen 2 (RIP1-Tag2) model (15) , which is commonly used to investigate neoangiogenesis and to test the effectiveness of anti-angiogenic therapies (16) . RIP1-Tag2 transgenic mice develop pancreatic β-cell tumors through the progressive transformation of beta cell islets from hyperplastic toward angiogenic islets. Then, a small fraction of angiogenic islets progresses to tumors (15, 17) . MMP9 + myeloid cells sustain the angiogenic switch in this tumor model (18) . Accordingly, the depletion of neutrophils releasing the proangiogenic factors MMP9 and Bv8 in RIP1-Tag2 mice greatly reduces the number of angiogenic islets (19, 20) . In the present Significance Oxysterols promote tumor growth directly or through the dampening of tumor-infiltrating immune cells. Whether oxysterols contribute to pancreatic neuroendocrine tumor (pNET) development and how they are generated within the pNET microenvironment are currently unknown. Here, we show that the 24S-hydroxycholesterol (24S-HC) oxysterol-generating enzyme Cyp46a1 is overexpressed during the angiogenic switch in rat insulin promoter 1-T-antigen 2 (RIP1-Tag2) pNET formation. Moreover, we report that Cyp46a1 overexpression requires hypoxia inducible factor-1a (HIF-1α). Importantly, we show that pharmacologic blockade and genetic inactivation of 24S-HC delays angiogenic switch and therefore tumor formation in RIP1-Tag2. Overexpression of Cyp46a1 transcripts in some human pNET samples suggests that targeting this axis in patients affected by pancreatic neuroendocrine tumors may be an effective therapeutic strategy. study, we investigated whether the neutrophil-dependent angiogenic switch occurring during RIP1-Tag2 pNET formation was dependent on oxysterols and attempted to define tissue conditions regulating oxysterol generation.
Results

Expression of Cholesterol Hydroxylases During pNET Tumorigenesis.
Oxysterols can be generated through autoxidation, by means of reactive oxygen species and through the activity of specific enzymes such as cholesterol 24-hydroxylase (Cyp46a1), cholesterol 27-hydroxylase (Cyp27a1), cholesterol 25-hydroxylase (Ch25h), Cyp7b1, Cyp3a4, and Cyp11a1 (21, 22) . To determine the potential involvement of cholesterol hydroxylases in pNET, we first analyzed by quantitative PCR (qPCR) the expression of their transcripts at various stages of pNET tumorigenesis. Ch25h, Cyp27a1, and steroidogenic acute regulatory protein (StarD1) transcripts (the latter encoding a cellular cholesterol transporter) were expressed by WT islets and by hyperplastic, angiogenic, and tumor islets at similar levels (Fig. 1A) . Cyp11a1 and Cyp7b1 transcripts slightly decreased in all tumorigenic phases compared with WT islets (Fig. 1B) , whereas the Cyp46a1 transcript, whose product forms 24S-hydroxycholesterol (24S-HC), was significantly and increasingly up-regulated during pNET tumorigenesis (Fig. 1B) . The Cyp46a1 transcript was mainly expressed by the CD45 − tumor fraction, which includes bona fide tumor cells, an observation in agreement with Cyp46a1 mRNA expression by βTC3, a tumor cell line arising from RIP1-Tag2 insulinomas ( Fig. 1C and see Fig. 5A ) (23) . We found a statistically significant association between Cyp46a1 and Abcg1 mRNA expression during pNET tumorigenesis (Fig. 1D) , the latter being a target gene of oxysterol-engaged LXRs. In agreement with Cyp46a1 transcript up-regulation, we also observed overexpression of the Cyp46a1 protein in hyperplastic islets from RIP1-Tag2 mice compared with WT islets from age-matched controls (Fig. 1E) . Finally, we detected a higher amount of 24S-HC by LC-MS analysis in RIP1-Tag2 compared with WT pancreata, although it was not statistically significant (Fig. 1F) . The other oxysterols detected were negligible (Fig.  1F) . We have previously showed that 24S-HC oxysterol induces neutrophil migration (14) . By performing immunofluorescence analyses of pancreata from 11-wk-old RIP1-Tag2 mice, we observed Gr1 + neutrophils in close proximity to 24S-HC-producing Cyp46a1 + cells (Fig. S1 ), thus indicating a preferential localization of the neutrophils close to the cells releasing 24S-HC oxysterol.
Pharmacologic and Genetic Inactivation of 24S-HC Oxysterol Interferes
with the Angiogenic Switch During pNET Tumorigenesis. We first examined the role of 24S-HC in the tumorigenic process by treating mice with the cholesterol/oxysterol inhibitor zaragozic acid (ZA) (24) . Five-week-old RIP1-Tag2 mice were treated with ZA (16) Fig. 2 C-E) compared with vehicle-treated RIP1-Tag2 mice, suggesting that the blockade of cholesterol/oxysterol formation delays the tumorigenic process due to the reduction of angiogenic islets. Because we could not rule out the possibility that ZA might induce off-target effects ultimately leading to tumor growth control, we generated a transgenic mouse, in which the expression of the mouse oxysterol-inactivating enzyme sulfotransferase SULT2B1b (SULT2B1b) (25, 26) is driven by the rat insulin promoter (RIP1) in pancreatic β cells (Fig. S2A) . The ULT2B1b transgene was highly expressed in the pancreas of RIP1-SULT2B1b transgenic mice compared with WT mice, as evaluated by qPCR (Fig. S2B) . We then evaluated pNET tumorigenesis in RIP1-Tag2 × RIP1-SULT2B1b double transgenic mice (hereafter referred to as double transgenic mice). Double transgenic mice analyzed at early time points (8 wk) showed a lower number of angiogenic islets, albeit not significantly (Fig. 2F) , and a lower percentage of CD31 + CD45 − endothelial cells and CD11b
+
Ly6G
+ neutrophils in angiogenic islets ( Fig. 2 G and H), compared with RIP1-Tag2 mice. We did not notice any significant difference in the number of tumor islets, possibly due to the low frequency of tumor formation at this time point (Fig. 2I) . At 11 wk, we observed a significant reduction of angiogenic islets (Fig.  2J) , neutrophils (Fig. 2K) , and tumor islets (Fig. 2L ). In agreement with these results, we observed a lower amount of 24S-HC in pancreata of double transgenic mice compared with RIP1-Tag2 mice (Fig. 1F) . Additionally, we did not observe any difference in the expression of common chemoattractive and inflammatory cytokines between pancreata of RIP1-Tag2 and double transgenic mice (Fig. S3 ), strongly suggesting a predominant role of 24S-HC in the local recruitment of proangiogenic neutrophils, as evidenced by immunofluorescence analysis showing neutrophils close to 24S-HC-producing Cyp46a1 + cells (Fig. S1 ). Of note, we also evaluated the percentage of neutrophils in the blood of 8-wk-old WT, RIP1-Tag2, and double transgenic mice to rule out granulopoiesis promotion as a consequence of cholesterol/oxysterol alterations (27) in transgenic and double transgenic mice. However, we failed to detect any difference in the blood of the abovereported groups of mice (Fig. S4) , further supporting the involvement of the local recruitment of neutrophils to the RIP1-Tag2 neoplastic islets.
Delayed pNET Progression in RIP1-Tag2 × RIP1-SULT2B1b Double Transgenic Mice Is Independent of Intrinsic Effects of SULT2B1b Expression. To rule out possible intrinsic cellular effects played by sulfated oxysterols, we analyzed proliferation and apoptosis, evaluated as Ki67 and cleaved caspase-3 (CCL-3), an activated form of caspase-3, respectively, in tumors from 8-wk-old RIP1-Tag2 and double transgenic mice. CCL-3 staining rates were similar between RIP1-Tag2 and double transgenic mice (Fig. 3  A-C) , whereas we observed increased proliferation in the tumors of double transgenic mice (Fig. 3 D-F) . These results are in agreement with data reporting a proliferative advantage of mouse hepatocytes over-expressing SULT2B1b (28) . In addition, given the delay of angiogenic and tumor islet formation in the double transgenic mice, these results suggest a predominant role of 24S-HC oxysterol on neutrophil-dependent angiogenesis in the RIP1-Tag2 model.
Tissue Determinants Involved in Cyp46a1 Overexpression During pNET
Tumorigenesis. We sought to identify the determinants responsible for the up-regulation of Cyp46a1 enzyme in transformed cells of RIP1-Tag2 pancreata. We first investigated the role played by hypoxia in the angiogenic switch (29) but failed to detect HIF-1α protein in pancreata, as well as in isolated pancreatic islets from RIP1-Tag2 mice, although we used several commercially available anti-HIF-1α antibodies and different staining methods. Because transcriptional regulation of HIF-1α has also been recently reported in tumors (30), we carried out qPCR analysis to evaluate the expression of Hif-1α transcripts at different times during RIP1-Tag2 tumorigenesis. We observed the up-regulation of Hif-1α in hyperplastic islets of 6-wk-old RIP1-Tag2 mice (Fig. 4A) . At 10 wk, Hif-1α transcripts were increased in hyperplastic, as well as angiogenic and tumor, islets (Fig. 4B) . Remarkably, we observed the up-regulation of the inducible form of Hif-1α (31) (Fig. 4C) , an observation recently reported in mouse macrophages (6) . HIF-1α stabilization leads to the transcriptional activation of the bona fide HIF-1α targets Vegf and the enzyme pyruvate kinase isoform M2 (Pkm2) (32) . Therefore, we analyzed Vegf and Pkm2 transcripts at different stages of RIP1-Tag2 tumorigenesis. Vegf and Pkm2 were found significantly up-regulated in angiogenic islets of 8-wk-old RIP1-Tag2 mice (Fig. 4 D and E) . The up-regulation of Vegf mRNA was also observed in hyperplastic islets in addition to angiogenic and tumor islets of 10-wk-old RIP1-Tag2 mice (Fig.  S5) . Of note, the up-regulation of Pkm2 transcripts (Fig. 4E ) suggests a possible relationship between the glycolytic metabolic switch and Hif-1α up-regulation during pNET tumorigenesis (33) . Because hypoxia is one of the major drivers of HIF-1α stabilization, we carried out in vivo studies with the hydroxyprobe pimonidazole and detected hypoxic transformed islets in pancreata from 8-wk-old RIP1-Tag2 mice (Fig. S6) . To evaluate whether Cyp46a1 was expressed concomitantly or after Hif-1α up-regulation, we carried out qPCR for Cyp46a1 at different times during pNET tumorigenesis. We failed to detect Cyp46a1 up-regulation at 6 wk (Fig. 4F) , whereas it was significantly increased at later times (Fig. 4G ).
HIF-1α Activates Cyp46a1 Overexpression in pNET-Derived Cells. The results reported thus far point to a direct role of HIF-1α in the transcriptional activation of Cyp46a1 expression. To test this, we used βTC3 cells, a RIP1-Tag2-derived cell line (23) . βTC3 cells express higher levels of Cyp46a1 transcripts compared with NIH 3T3 and other mouse tumor cell lines analyzed, such as RMA lymphoma, Lewis lung carcinoma (LLC), and 4T1 breast carcinoma (Fig. 5A) . We treated βTC3 cells with an shRNA specific for Hif-1α, as demonstrated by Western blot analysis for HIF-1α ( Fig. 5B ) and analyzed the expression of transcripts encoding Cyp46a1 and Vegf in hypoxic culture conditions. Besides a modest decrease of Vegf expression, Hif-1α-silenced hypoxic βTC3 cells showed significantly reduced Cyp46a1 levels ( Fig. 5 B and C), suggesting a direct role of HIF-1α in Cyp46a1 activation.
To demonstrate a direct regulation of Cyp46a1 by HIF-1α, chromatin immunoprecipitation (ChIP) assays were performed in βTC3 cells on expression of a mutant stable form of HIF-1α (34), as confirmed by Western blot analysis for HIF-1α (Fig.  S7A ) and qPCR analysis for Cyp46a1 transcripts (Fig. S7B) . Increased recruitment of HIF-1α to its putative consensus-binding site located in the Cyp46a1 promoter and not to a distal region (Fig. 5D ) was observed in βTC3 cells stably expressing HIF-1α, compared with mock-expressing cells (Fig. 5E ). Similar experiments with 4T1 tumor cells confirmed recruitment of HIF-1α to the Cyp46a1 promoter in another cell context (Fig. S8) . Altogether, these results indicate that in pancreatic islets undergoing large T antigen-mediated transformation, HIF-1α upregulates the expression of Cyp46a1, which in turn produces the oxysterol 24S-HC that positions neutrophils in close proximity to hypoxic areas before the occurrence of the angiogenic switch.
Expression of Cyp46a1, VEGF, and HIF-1α Transcripts in Human pNET
Samples. Finally, we investigated whether Cyp46a1 was also expressed in human pNETs and whether a link among Cyp46a1, VEGF, and HIF-1α expression was present in human pNETs. The distribution of Cyp46a1 expression is shown in Fig. 6A , with median, minimum, and maximum values being 2.137, 0.165, and 117.367, respectively. As Cyp46a1 expression values in eight specimens were far from a normal distribution, they were grouped together (i.e., "high expressors," relative expression >10); remaining values were divided into two groups (<1 and ≥1) according to the relative Cyp46a1 mRNA expression above or below that of normal samples (P-P plot; Fig. S8A ). We then performed linear regression analyses to evaluate the association between Cyp46a1 and HIF-1α or Cyp46a1 and VEGF in the above-reported three groups. We did not find any statistical association between Cyp46a1 and HIF-1α or Cyp46a1 and VEGF in the <1 group (P = 0.308 and P = 0.215, respectively). We found only a trend in the >1 group both for HIF-1α and VEGF (Fig. S9  B and C) , which failed to achieve significance. We found a trend between Cyp46a1 and HIF-1α ( Fig. 6B ; R 2 = 0.391, P = 0.072, n = 8) and a significant association between Cyp46a1 and VEGF in the high expressors group ( Fig. 6C ; R 2 = 0.667, P = 0.007, Fig. 4 . Tissue determinants associated with the up-regulation of Cyp46a1 transcripts during RIP1-Tag2 tumorigensis. (A) qPCR analysis for Hif-1α mRNA of WT and hyperplastic islets purified from pancreata of 6-wk-old WT and RIP1-Tag2 mice, respectively; **P < 0.01. (B) qPCR analysis for Hif-1α mRNA of WT, hyperplastic, angiogenic, and islets purified from pancreata of 10-wk-old WT and RIP1-Tag2 mice; *P < 0.05; **P < 0.01; ***P < 0.001. (C) qPCR analysis for the inducible form of Hif-1α mRNA of WT, hyperplastic, and angiogenic islets purified from pancreata of 8-wk-old WT and RIP1-Tag2 mice; **P < 0.01. (D) qPCR analysis for Vegf mRNA of WT, hyperplastic, angiogenic, and islets purified from pancreata of 10-wk-old WT and RIP1-Tag2 mice; *P < 0.05; **P < 0.01; ***P < 0.001. (E) qPCR analysis for Pkm2 mRNA of WT, hyperplastic, and angiogenic islets purified from pancreata of 8-wk-old WT and RIP1-Tag2 mice; Ns, not significant; **P < 0.01. (F) qPCR analysis for Cyp46a1 transcripts of WT and hyperplastic islets purified from pancreata of 6-wk-old WT or RIP1-Tag2 mice, respectively; Ns, not significant. (G) qPCR analysis for Cyp46a1 mRNA of hyperplastic islets purified from pancreata of 6-, 8-, and 10-wk-old RIP1-Tag2 mice; *P < 0.05; ****P < 0.0001. Each symbol corresponds to a single mouse, and the line represents the mean value ± SEM. n = 8). We also detected HIF-1α protein by immunohistochemistry in one available pNET sample in the high expressors group (i.e., 0511.2993AT; Fig. 6D ), thus corroborating the results obtained at mRNA levels. As expected, we found a significant association between HIF-1α and VEGF (Fig. S7D) . Because most pNET samples overexpressing Cyp46a1 transcripts were grade 1 (G1) (Table S1) , we analyzed a possible correlation between tumor diameter and Cyp46a1 expression in 22 patients affected by G1 pNETs. We found a correlation between tumor diameter and Cyp46a1 overexpression ( Fig. 6E ; R 2 = 0.183, P = 0.042, n = 22). Altogether, these results suggest a possible role of Cyp46a1 also in human pNET tumorigenesis. In the near future, we will investigate the correlation between Cyp46a1 and HIF-1α at mRNA and protein levels on a larger cohort of pNET patients and will define the role of Cyp46a1 overexpression in human pNETs to establish whether this overexpression correlates with tumor progression and metastasis or with response to therapy in pNET patients.
Discussion
The role of oxysterols and LXRs in tumor development and progression is greatly debated due to contrasting evidence possibly related to the multiple roles played by oxysterols and LXRs within the tumor microenvironment (9, 10, 12) . The different outcomes observed following the treatment of tumors with molecules stimulating or interfering with LXR/LXR ligands should take into account the tumor models used, the presence of an intact immune system, the distinct isoforms of LXRs engaged, and the intrinsic biologic ability of oxysterols to bind receptors different from LXRs (12, 35) . Therefore, appropriate models dissecting how LXR/LXR ligands operate within the tumor microenvironment are required. We recently studied the function of LXR/oxysterols during the growth of transplantable mouse tumors and observed that they exert protumoral functions through neutrophils recruitment and induction of an angiogenic switch (14) .
Here, we analyzed the role of oxysterols in spontaneous tumor models, in particular during the development of pancreatic neuroendocrine tumors in RIP1-Tag2 mice. We show that during pNET tumorigenesis the transcript encoding the Cyp46a1 enzyme is specifically up-regulated. This up-regulation occurs concomitantly to the onset of tumor hypoxia in transformed islets of RIP1-Tag2 pancreata and increased expression of bona fide HIF-1α target genes Vegf and Pkm2. PKM2 is activated during aerobic glycolysis and regulates the production of pyruvate and lactate, which have been described to stabilize HIF-1α through hypoxia-independent mechanisms in a self-enforcing circle (6, 36) . We find that Cyp46a1 is an HIF-1α target gene, as stabilized HIF-1α binds HREs in the Cyp46a1 promoter in a pNET-derived cell line. Increased expression of Cyp46a1 leads to increased synthesis of the oxysterol 24S-HC in transformed RIP1-Tag2 islets, concomitantly with the expression of other bona fide HIF-1α target genes involved in angiogenesis and metabolic adaptation. In addition, consistently with previous results, 24S-HC accumulation leads to the positioning of neutrophils close to hypoxic regions that require formation of neo-vessels.
With our work, we identify a mechanism leading to oxysterols accumulation in tumors, and we position oxysterols synthesis downstream HIF signaling in tumors. These findings unveil a complex network leading to tumor angiogenesis in pancreatic neuroendocrine tumors: on one hand, HIF-1α up-regulation leads to VEGF transcription and direct induction of neoangiogenesis; on the other hand, 24S-HC accumulation and neutrophils recruitment further supports neovessels formation (Fig. 7) .
The importance of oxysterol accumulation in this tumor model was demonstrated by pharmacological and genetic studies. RIP1-Tag2 mice treated with the squalene synthase inhibitor ZA showed a significant reduction of proangiogenic neutrophils and angiogenic islets, confirming the previously described link between cholesterol metabolism and neutrophil-mediated angiogenesis (14) . Moreover, the involvement of oxysterols, specifically 24S-HC, in neutrophil-dependent angiogenesis is further corroborated by the results obtained in a transgenic mouse model in which the enzyme SULT2B1b is expressed constitutively by pancreatic islets. The choice of this transgenic model is based upon the possibility to inactivate all of the oxysterols generated within the microenvironment of RIP1-Tag2 pNET, including those produced by nonradical reactive oxygen species or by inorganic free radical species (37) . Double transgenic mice displayed a delay in pNET tumorigenesis development (reduced number of angiogenic and tumor islets), which was independent of intrinsic effects (apoptosis and/or proliferation), whereas it was correlated with the reduced percentage of proangiogenic neutrophils infiltrating transformed islets.
Angiogenic switch in the RIP1-Tag2 pNET model has been closely correlated to MMP-9 + -and Bv8-releasing neutrophils (19, 20) . In this context, we observed that decreased 24S-HC accumulation accompanied reduced numbers of neutrophils in pancreata of double transgenic mice compared with RIP1-Tag2 mice, whereas we detected similar expression of transcripts encoding CXCR2-driven chemokines, such as Cxcl1, Cxcl2, and Cxcl5, usually involved in neutrophil migration (38) . These results along with the observations that neutrophils are found close to cells of transformed islets overexpressing Cyp46a1 and that 24S-HC was shown to induce neutrophil migration in vitro (14) reinforce the idea that 24S-HC oxysterol might be crucially involved in vivo in the positioning of proangiogenic neutrophils in the proximity of cells releasing high amounts of 24S-HC. The concept that oxysterols may behave as short-range chemoattractants has recently been described for the oxysterol 7α, 25-HC, which controls cell positioning within specific areas of lymphoid organs (39) . The positioning role of 24S-HC in physiologic conditions deserves further investigations.
Because ZA-treated mice and double transgenic mice showed only a delay of the tumorigenic process (reduced angiogenic and tumor islets), it is likely that other mechanisms concur to the development of pNET tumorigenesis or that compensatory mechanisms occur during the course of the treatments.
Recent findings that some molecular and metabolic features of human pNETs are also present in the RIP1-Tag2 model makes our observations clinically relevant (40) . This observation is further corroborated by our preliminary results showing Cyp46a1 overexpression in some human pNET samples and suggesting a linear correlation among Cyp46a1, VEGF, and tumor diameter in G1 pNET patients. This model could represent a useful tool to test combination therapies of drugs currently used in pNET patients and cholesterol-lowering compounds endowed with a well-established pharmacologic profile (e.g., statins) (41) .
Altogether, these results reveal an early mechanism underlying the angiogenic switch responsible for the subsequent tumor stage progression in the pNET model RIP1-Tag2. Moreover, these results provide the basis for the exploitation of compounds endowed with a similar mechanism of action for antitumor therapies.
Materials and Methods
Mouse Models and Treatments. RIP1-Tag2 mice were maintained on the C57BL/6N background (Charles River). To obtain RIP1-Tag2 × RIP1-SULT2B1b double transgenic mice, RIP1-Tag2 males were crossed with RIP1-SULT2B1b females. Offsprings were tested by PCR for both the transgenes using the following primers: forward, gctctgctgacatagaagaatgg; reverse, gtactcattcatggtgactattccag. Five-week old RIP1-Tag2 mice were treated with ZA A (Sigma Aldrich) with alternating i.v. (200 μg/mouse) and i.p. (100 μg/mouse) infusions. Islet analyses were carried out after 3 wk of treatment. Animal studies were approved by the Institutional Animal Care and Use Committee of the San Raffaele Scientific Institute.
Generation of the RIP1-SULT2B1b Transgenic Mouse Model. RIP1-Timer plasmid (Addgene plasmid #15109, DM#285) was linearized by NotI. DsRed1-E5 cDNA was replaced with SULT2B1b cDNA, obtained by PCR using the In-Fusion PCR cloning kit (Clontech Laboratories). Primers to clone SULT2B1b from SULT2B1b-ΔNGFr lentiviral vector (42) were designed according to In-Fusion kit instructions. HbaI linearized plasmid was then microinjected into donor FVB pronuclei and subsequently transplanted in pseudopregnant acceptor CD1 mice. Transgenic mice were generated by our Institutional CFCM facility. RIP1-SULT2B1b founders were backcrossed with C57BL/6 mice for five generations. pNET analysis was performed in F4/F5 double transgenic mice. RIP1-SULT2B1b mice were typed with the following primers: RipSult FW 5′-gggaatgatgtggaaaaatg-3′ and RipSultREV 5′-gcacgttgctagtgttctca-3′.
ChIP Assay. Harvested cells were fixed for 10 min at room temperature with 1% formaldehyde. Cross-linking was terminated by the addition of 125 mM glycine. Cells were rinsed with PBS and centrifuged at 400 × g for 5 min at 4°C. Pellets were resuspended in 50 nM Hepes-KOH, pH 7.5, 140 mM NaCl, Fig. 7 . Schematic representation of the mechanism linking HIF-1α, 24S-HC, and neutrophils in the pNET angiogenic switch. In hyperplastic islets, HIF-1α induces the overexpression of Cyp46a1 enzyme, which in turn produces the oxysterol 24S-HC that positions neutrophils in close proximity to hypoxic areas, thus favoring the angiogenic switch.
1 mM EDTA, 10% (vol/vol) glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100, and leupeptin-pepstatinA-aprotinin at 5 μg/mL (pH 8.1). Nuclei were collected by centrifugation (3,000 × g for 5 min at 4°C), resuspended in 10 mM Tris·HCl, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and leupeptin-pepstatinAaprotinin at 5 μg/mL (pH 8.1), and rotated for 10 min at 4°C. Washed nuclei were centrifuged, resuspended in 1 mM EDTA, 10 mM Tris·HCl, 100 mM NaCl, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5% N-sauroylsarconsin, and leupeptin-pepstatinA-aprotinin at 5 μg/mL (pH 8.1), and then sonicated to generate DNA fragment sizes of 0.2-0.8 kb, using the Diagenode Bioruptor twin (20 cycles, 30 s on/off, maximum power). Samples were cleared by centrifugation at 16,100 × g for 10 min at 4°C. Ten percent of the cleared supernatant was used as input, and the remaining volume was immunoprecipitated with a monoclonal antibody anti-HIF-1α (Clone H1α67; Novus Biologicals). Quantification of the precipitated DNA regions was performed by qPCR (Table S2) .
Statistical Analysis. Data are expressed as mean ± SEM and were analyzed for significance by ANOVA with Dunnet's, Bonferroni's, or Tukey's multiple comparison test, by ANOVA with Pearson correlation, or by Student t test. The analysis was performed with Prism software.
